Climate change poses a considerable threat to the biodiversity of high altitude ecosystems worldwide, including cold-water river systems that are responding rapidly to a shrinking cryosphere. Most recent research has demonstrated the severe vulnerability of river invertebrates to glacier retreat but effects upon other aquatic groups remain poorly quantified. Using new data sets from the European Alps, we show significant responses to declining glacier cover for diatoms, which play a critical functional role as freshwater primary producers. Specifically, diatom α-diversity and density in rivers presently fed by glaciers will increase with future deglaciation, yet β-diversity within and between sites will reduce because declining glacier influence will lower the spatiotemporal variability of glacier cover and its associated habitat heterogeneity.
snow melt, groundwater streams and precipitation (Brown, Hannah, & Milner, 2003; Huss & Hock, 2018; Milner et al., 2017) . Alteration to meltwater sourcing will physically modify channel geomorphology as diurnal and seasonal ice melt discharge peaks are attenuated, reducing erosion and reworking of proglacial sediments (Carrivick & Heckmann, 2017) . Each water source also generates discrete physicochemical conditions, forming the habitat template upon aquatic communities and acting as an environmental filter to taxa which do not possess the morphological and behavioural trait combinations required to survive . Spatiotemporal mixing of water sources creates further diversity of habitat conditions within alpine rivers. Whilst there has been a major research focus upon the impact of glacier retreat on macroinvertebrate communities, far less is understood of how other aquatic groups will respond (Fell, Carrivick, & Brown, 2017) .
The sensitivity of freshwater benthic diatoms to environmental change has led to their use as representative indicator taxa in the assessment of water quality globally (Lobo, Heinrich, Schuch, Wetzel, & Ector, 2016; Wang, Zheng, Liu, & Li, 2014) . Diatom assemblages possess a diverse spectrum of ecological optima and tolerances and they reassemble in response to alterations in physicochemical environment, which underpins their use in assessment of the condition of freshwater ecosystems required by the European Water Framework Directive (Kelly et al., 2008; Lobo et al., 2016) . However, there remains a clear need for knowledge of diatom assemblage responses to natural and indirect anthropogenic change, such as glacier retreat.
Benthic diatoms, alongside other biofilm components including cyanobacteria and other algae, play a major role in primary production within alpine rivers (Battin, Besemer, Bengtsson, Romani, & Packmann, 2016; Rott, Cantonati, Füreder, & Pfister, 2006) . This autochthonous input is critical to these above-treeline systems which receive minimal energy subsidy from the riparian zone (Zah & Uehlinger, 2001 ). Alpine rivers, particularly springs, have been identified as potential hotspots of benthic diatom biodiversity, hosting rare, and threatened taxa, often in high abundance (Cantonati, Füreder, Gerecke, Jüttner, & Cox, 2012; Rott et al., 2006) . Hannaea arcus and the genera Achnanthidium, Fragilaria and Odontidium are consistently the most abundant taxa within diatom assemblages across the European Alps, Himalaya, and Rocky Mountains, with new species belonging to the latter recently identified in mountain streams (Gesierich & Rott, 2012; Hieber, Robinson, Rushforth, & Uehlinger, 2001; Jüttner et al., 2015 Jüttner et al., , 2017 Nautiyal, Mishra, & Verma, 2015) .
However, a more complete consideration of benthic diatoms is needed to inform understanding of alpine river biodiversity responses to glacier retreat, given their role as a principal food source for invertebrate primary consumers in glacier-fed rivers (Clitherow, Carrivick, & Brown, 2013) .
Previous research investigating river diatom assemblages within mountain catchments has considered glacial influence with regard to distance from ice margins (Nautiyal et al., 2015) and water source origins (Hieber et al., 2001) . However, holistic predictions of aquatic community response to future glacier retreat require approaches that identify alterations to alpine freshwater biodiversity along a quantified spectrum of glacial influence . Whilst such chronosequence approaches have been used recently to determine the response of macroinvertebrate, algae (excluding diatoms) and microbial prokaryote communities to deglaciation Ren, Gao, Elser, & Zhao, 2017; Rott et al., 2006) , they are yet to be applied to benthic diatom assemblages. The efficacy of alpine freshwater conservation strategy is critically dependent upon understanding these responses, particularly for taxa that are vulnerable to extirpation due to limited motility and dispersal capacity (Liu, Soininen, Han, & Declerck, 2013) .
In this study, we examined diatom assemblage structure and the abundance of individual species in rivers draining the eastern European Alps. Although proglacial regions of the Alps host high aquatic alpine biodiversity, glaciers are in long-term retreat, with approximately two-thirds of total glacier volume lost since 1850 (Zemp, Haeberli, Hoelzle, & Paul, 2006) , and a further 4%-18% reduction of the 2003 ice area predicted by 2100 (Huss, 2012) .
This study utilized a chronosequence approach, sampling river sites within watersheds hosting different percentages of permanent ice cover, to provide a gradient of catchment glacier cover and in turn, a proxy for the stages of glacier retreat. This study aimed to (a) quantify the biodiversity of diatom assemblages present in alpine rivers along the catchment glacier cover gradient, (b) determine taxon level responses to glacier cover and (c) investigate the environmental drivers underpinning glacier influence upon alpine river benthic diatoms. Our research design facilitated novel investigation of diatom assemblage response to decreases in glacier cover within the European Alps.
| MATERIALS AND METHODS

| Study area
Field observations were made in the central Austrian Alps (Figure 1) during June/July 2015 and 2016. Variability of glacier coverage within a small geographical region provided a broad spectrum of glacier cover whilst minimizing large-scale differences due to climate or other catchment characteristics (Robson, Hölbling, Nuth, Strozzi, & Dahl, 2016) . Thirteen river sites spanning a gradient of catchment glacier cover (0%-64% permanent ice cover) were identified throughout the Eisboden, Obersulzbach and Rotmoos valleys (Table 1) . Sites were selected with minimal direct anthropogenic influence and where sampling was possible at locations above the treeline. Sites included streams predominantly fed by glacial meltwaters (>50% catchment glacier cover) (O1, R1), mixed streams draining melt, springs and aquifer upwelling (25%-50% catchment glacier cover) (E2, E3, O3, R2, R3, R4, U1) and those sourced predominantly (1%-25% catchment glacier cover) (E1, U2) and entirely by groundwater flow (0% catchment glacier cover) (E4, O2), to represent varying glacier cover (Table 1) | 5829
were applied to a filled 10 m ASTER Digital Elevation Model (DEM) (GitHub, 2016) , to determine downslope water flow direction based upon local topography. Automated watershed delineation followed river network boundaries and were then checked manually using high-resolution aerial photography, to avoid error induced by DEM resolution and to achieve the most accurate representation of local geomorphology. Regional ice extents (Glaciology Commission, 2015) were constrained to watershed boundaries to calculate the percentage of catchment area covered by ice (Table 1) . and O4, only three and four replicates were available respectively, due to sample damage during transportation (total n = 62 replicates).
| Field sampling
Benthic algae were scrubbed from a 9 cm 2 area of the upper surface of each cobble, using a plastic template and sterile toothbrush. Cobbles potentially exposed during prolonged periods of low flow were avoided. Samples were preserved within 70% methylated spirits and stored at 4°C prior to analysis.
| Laboratory analysis
To prepare samples for microscopic analysis, organic material was removed to enable the unobstructed observation of diatom valves (CEN, 2014) . The hot hydrogen peroxide (H 2 O 2 ) method was used to reduce reaction times between H 2 O 2 and organic matter. Samples were homogenized and 20 ml of 30% H 2 O 2 added to a 5 ml subsample, which was heated in a water bath at 90°C (±5°C) for 3 hr.
The remaining H 2 O 2 was neutralized with 50% hydrochloric acid (HCL) and subsamples suspended within distilled water and centrifuged at 1,200 rpm for 4 min, four times. The remaining 5 ml pellet was diluted by adding 5-20 ml of distilled water, depending upon diatom concentration. The solutions were then homogenized with a vortex mixer (Stuart SA8) and 0.5 ml pipetted onto the centre of a 19-mm circular coverslip, which had been cleaned with ethanol.
Coverslips were covered and air dried overnight. They were mounted using Naphrax®, as its high refractive index (>1.6) facili- researcher performed all microscopy to prevent inter-analyst variance (Culverhouse et al., 2014) . Identification followed Kelly (2000), Krammer and Lange-Bertalot (2004 , 2007a , 2007b , and
Spaulding (2018) with taxonomic nomenclature following Lange-Bertalot, Hofmann, Werum, and Cantonati (2017) . Characterization of variation within the Achnanthidium minutissimum complex followed Potapova and Hamilton (2007) .
To determine estimates of absolute diatom abundance, or valve density, the number of valves counted within coverslip transects was used to estimate the total number present upon the whole coverslip (0.5 ml) and then multiplied to per m 2 based on sample volume and rock area sampled (Scott, Morgan, Jones, & Cameron, 2014) . These extrapolations were averaged across rock scrub replicates for each river site, with mean valves per m 2 underpinning all diatom abundance analysis. As a minimum, half of each coverslip was screened, with transects encompassing both the coverslip centre and edges.
Repeat counts of 20% of all replicates identified an average estimated absolute abundance error of ±3%. This approach was adopted in preference to microsphere analysis given the significant and 
| Data analysis
The diatom species × abundance matrix was used to calculate summary metrics describing biodiversity at each river sampling site: (a)
Shannon diversity index and (e) taxonomic richness of taxa classified on the Red List of Algae for Germany (Lange-Bertalot & Steindorf, 1996) . The Red List was collated to identify taxa of algal conservation priority, and despite development from research solely within German freshwaters, it was applied within this study given the absence of comparable data sets for Austrian rivers and the geographical proximity of their alpine regions. Changes to taxonomic nomenclature since Red List publication were identified following Guiry (2018) . As the diatom assemblages hosted many taxa only identified at single sites in low abundance, Shannon diversity index was adopted as it does not weight common species over rare ones (Morris et al., 2014) . Relationships between these indices and glacier cover were tested using general linear models (GLM) or generalized additive models (GAM) for data showing pronounced nonlinear relationships, with the latter constructed using the mgcv package in R (Wood, 2011 ). Akaike's information criterion (AIC) values were used to determine best fit, with negative binomial and Gaussian distributions specified. Smoothing parameters for GAM were selected following the procedures outlined by Wood (2004) . Model performance was evaluated using the percentage of deviance explained. GAMs and GLMs were also used to determine the relationship between catchment glacier cover and site-specific environmental parameters (mean water temperature, EC, turbidity, pH, 1/Pfankuch Index scores, nutrient concentrations).
Within-site β-diversity was calculated from the abundance of diatom valves identified in the replicate biofilm cobble scrub samples collected from individual river sites. Components of beta diversity (total dissimilarity (Sørensen), turnover (Simpson) and nestedness (Nestedness) were calculated for each river site using the betapart package of R (Baselga, Orme, Villeger, DeBortoli, & Leprieur, 2017) and GLM used to describe the relationship between average beta component values and catchment glacier cover per site. Betweensite β-diversity was determined by amalgamating average diatom valve abundances from replicates to determine a singular valve abundance value for each river site. Sørensen, Simpson and Nestedness indices were calculated for the species × abundance matrix. These components were related to pairwise differences (Bray-Curtis dissimilarity index) in catchment glacier cover between all river sites.
Mantel tests (vegan R package) were used to determine the significance of correlation between these dissimilarity matrices.
Ordination analysis was performed to investigate diatom assemblage composition and taxon level responses along the gradient of glacier cover. Prior to analysis, the estimated average abundance (valves/m 2 ) of identified diatom taxa at each site was log 10 (× + 1) transformed to constrain the influence of disparate records upon outcomes for data containing zero values (Khamis, Hannah, Brown, Tiberti, & Milner, 2014) . Nonmetric multidimensional scaling (NMDS) was applied to a Bray-Curtis dissimilarity matrix using the vegan package of R (Oksanen et al., 2017) . Significantly correlated (p < 0.05) scaled (mean = 0, SD = 1) physicochemical and nutrient vectors were fitted to the resulting configuration using the envfit procedure. Both NMDS axis scores were correlated to site-specific taxon abundances using Spearman's rank correlation.
| RESULTS
| Environmental parameters
Pfankuch Index scores (i.e. decreasing channel stability) and NO 3 concentrations increased significantly with glacier cover (Figure 2 ; Table 2 ). No other environmental parameters showed significant relationships with catchment glacier cover (Figure 2 ), although water temperature data collected over longer time periods from our study sites showed a negative relationship with glacier cover (Supporting Information Figure S1 ) and thus co-varied with channel stability. The 
| Diatom assemblages and taxon biodiversity
Diatom taxonomic richness, overall density and Shannon diversity index increased significantly as glacier cover decreased, with taxo- 
| DISCUSSION
This study provides new insights into the response of alpine river benthic diatom assemblages to decreasing catchment glacier cover.
The impact of glacier retreat upon microalgae remains poorly quantified in comparison to other aquatic groups (Fell et al., 2017; Rott et al., 2006) but this study has contributed three original findings.
First, alpine river benthic diatom biodiversity and individual taxon densities were influenced significantly by reducing catchment glacier cover. Second, reductions in glacier cover will increase α-diversity but reduce β-diversity, with many taxa potentially becoming threatened or rare. Third, our research predicts some diatom taxa will be winners (i.e., expanded habitat availability) but others losers in F I G U R E 2 Relationship between catchment glacier cover and physical ((a) watershed area (km 2 ), (b) site altitude (m above mean sea level),
(c) river water temperature (°C), (d) optical turbidity NTU, (e) 1/Pfankuch Index bottom components), chemical ((f) dissolved organic carbon (DOC) (mg/L), (g) nitrate (NO 3 ) (mg/L), (h) total nitrogen (TN) (mg/L), (i) electrical conductivity (µS/cm), (j) pH) and biological ((k) taxonomic richness, (l) density of diatom valves (valves/m
2 ), (m) Shannon diversity, (n) Pielou's species evenness, (o) taxonomic richness of diatoms classified as threatened, endangered, decreasing or rare on the Red List of Algae for Germany (Lange-Bertalot & Steindorf, 1996) ). Nutrient data were unavailable for sites R1, R2, R3 and R4. Black lines represent statistical model and 95% confidence intervals (dashed). Model details are provided in Table 2 FELL ET AL.
| 5833 response to glacier retreat, implying a need to reclassify the conservation status of many Austrian alpine river diatom taxa.
| Environmental parameters
Pfankuch Index scores and NO 3 concentrations were the only measured environmental parameters significantly influenced by catchment glacier cover, although longer-term water temperature measurements collected outside of the sampling period suggest thermal drivers are also likely to be important. This finding is reinforced by long-standing ideas about water temperature and channel stability being key drivers of alpine river macroinvertebrate communities Cauvy-Fraunié, Espinosa, Andino, Jacobsen, & Dangles, 2015; Lencioni, 2018; Milner & Petts, 1994; Milner, Brittain, Castella, & Petts, 2001 ). The response of alpine benthic diatom assemblages to reducing catchment glacier cover may be driven by subsequent increases in channel geomorphological stability due to lower spatiotemporal discharge variability and riverbed movement (Biggs, Stevenson, & Lowe, 1998; Carrivick & Heckmann, 2017) . Benthic diatom taxa can be resilient to high flow velocities, particularly those possessing streamlined forms, low motility and strong attachment to benthic substrates (Hieber et al., 2001 ); morphological traits expressed by Achnanthidium spp., H. arcus and Fragilaria spp. identified at many river sites. However, the shear stress, abrasion and scouring induced by sustained or repeated channel destabilization resets diatom assemblage succession and restricts taxonomic richness and density (Bona, La Morgia, & Falasco, 2012; Wellnitz & Rader, 2003) . A reduction in channel reconfiguration events linked to decreasing glacier cover may limit the abundance of generalist pioneer taxa whilst favouring species associated with later stages of succession (Biggs et al., 1998; Kelly et al., 2008) . NO 3 concentrations were significantly elevated at higher glacier cover, reflecting snow pack and sub-glacial sources and processing of N compounds (Wynn, Hodson, Heaton, & Chenery, 2007) , but declined with glacier cover. Whilst there was no significant correlation between taxonomic richness or valve density and NO 3 concentrations, elevated diatom densities at lower glacier cover sites with low NO 3 concentrations might indicate more efficient uptake of nutrients into biofilms as glaciers are lost.
In addition to glacier runoff, precipitation and snowmelt induced peak flows can destabilize river channels. As such, the low outlying taxonomic richness and diatom density values for the Rotmoosache (Figure 2k ,l; catchment glacier cover of 30%, 38%, 41%, 64%) may have been influenced by a high flow event (discharge~3 times the month's pre-flood mean) 3 days prior to sampling. This event would likely have contributed to sediment mobility and biofilm displacement, putting further constraints on diatom community composition alongside the effects of glacier runoff, prior to the attainment of peak flow. This finding suggests the influence of local weather conditions in combination with catchment scale deglaciation patterns upon diatom assemblage structure . 
| Diatom assemblages and biodiversity
Benthic diatom richness increased significantly with reducing catchment glacier cover. This finding is supported by previous studies based upon sampling distance from glacier margins in the Canadian Rockies (Gesierich & Rott, 2012) and comparison of alpine rivers fed by different water sources (glacier, snowmelt, lake) in the Swiss Alps (Hieber et al., 2001; Robinson & Kawecka, 2005) . In our study, high catchment glacier cover significantly constrained absolute abundance with total valve density at the most glacial site (~75 × 10 3 valves/m 2 ) comparable to maximum densities identified adjacent to the Öden-winkelkees terminus (~81 × 10 3 valves/m 2 ) by Clitherow et al. (2013) . We found reductions in glacier cover to be associated with significantly increased diatom taxonomic richness and density, particularly <28% glacier cover. Increases in algal biomass were noted below 11% glacier cover in the Andes (Cauvy-Fraunié et al., 2016) and Jacobsen, Milner, Brown, and Dangles (2012) also identified the highest α-diversity for macroinvertebrates to occur at low catchment glacier cover (5%-30%). Whilst the rate of increase in diatom taxonomic richness reduced below 3% glacier cover in our study, the unimodal response observed for macroinvertebrates by Jacobsen et al. (2012) was not identified and complete deglaciation resulted in the highest diatom α-diversity.
Shannon diversity was reduced significantly following a peak at 28% glacier cover, further indicating this threshold in diatom responses to ice loss. The harsh physicochemical conditions of sites with a high percentage of catchment glacier cover have been identified to reduce the diversity of macroinvertebrates (Brown, Dickson, Carrivick, & Füreder, 2015) , bacteria (Freimann, Bürgmann, Findlay, & Robinson, 2013) , microbes (Wilhelm, Singer, Fasching, Battin, & Besemer, 2013) , nematodes and rotifers (Eisendle-Flöckner, Jersabek, Kirchmair, Hashold, & Traunspurger, 2013 ) and other diatom assemblages (Thies, Nickus, Tolotti, Tessadri, & Krainer, 2013) . It is important to note that the percentage glacier cover of many catchments in the Austrian Alps has already declined below 28% cover (Koboltschnig & Schöner, 2011) and changes in biodiversity of alpine river diatom assemblages may already have begun.
The unimodal response of within-site β-diversity (Simpson) to diminishing catchment glacier cover demonstrated increased turnover at mid-levels of ice cover, suggesting elevated patchiness of diatom
Relationship between catchment glacier cover and both withinsite β-diversity, (a-c), and between-site β-diversity, (d-f). Components of β-diversity include total dissimilarity (Sørensen), turnover (Simpson) and nestedness (Nestedness). Within-site components are calculated from average Sørensen, Simpson and Nestedness values from dissimilarity matrices computed for the replicate biofilm samples collected at each river site. Between-site components are related to pairwise differences in glacier cover. For (b) and (c) n = 12 as site R1 had a species richness of 1. Black lines represent GAM/ GLM lines of best fit and 95% confidence intervals
habitat conditions, potentially driven by the greater coexistence of grazing and competing species at these intermediate levels of physicochemical disturbance (Khamis, Brown, Hannah, & Milner, 2016; Roxburgh, Shea, & Wilson, 2004) . Deglaciation and subsequent reductions in within-site β-diversity (total dissimilarity, turnover) may result from stronger biotic pressures upon diatoms (competition from other biofilm components, grazing, parasitism) within groundwater dominated F I G U R E 4 (a) NMDS ordination plots of river sites and significantly correlated site-specific environmental vectors, (b) NMDS biplot of diatom taxa, (c), enlargement of (b) illustrating the position of taxa for which there was a significant correlation between estimated absolute abundance and NMDS Axis 1. Abbreviated taxon names are defined in Table 3 T A B L E 3 Significant (p < 0.05) Spearman's rank correlations (rho) between valve abundance (log 10 (×+1)) of alpine river diatom taxa and Axis 1 of the NMDS ordination plot (Figure 4 ) Figure 4c . *Relationships with a p-value < 0.001. All Achnanthidium taxa belong to the Achnanthidium minutissimum complex.
flows (Khamis et al., 2016) . This, coupled with reductions in the variability and magnitude of meltwater discharge pulses and more stable river beds at low glacier cover, will reduce the patchy occurrence of diatom taxa within riffle complexes, homogenizing river habitats and limiting within-site β-diversity (turnover).
Changes to between-site β-diversity were driven primarily by reductions in nestedness along the gradient of glacier cover, potentially due to the absence of vulnerable cold stenothermic species or presence of groundwater-fed stream specialists assembling in rivers with lower glacier cover . As diatom assemblages at sites with high catchment glacier cover appear to be comprised of taxa also found within other sampled river sites, future loss of glacier cover will further reduce β-diversity both within and between sites. This response has also been identified for invertebrates (Jacobsen et al., 2012) and bacterial communities within alpine rivers, as alterations to water sourcing associated with declining glacier cover reduces habitat variability at a landscape scale (Freimann et al., 2013; Wilhelm et al., 2013) . Aquatic groups therefore appear to express uniformity of response to the homogenization of river habitats induced by glacier retreat, suggesting they are responding in common to physicochemical drivers and/or having strong inter-linkages via food webs.
The rivers sampled in this study were characterized by a small number of highly abundant generalist diatom species found at many sites, and a larger number of specialist species occurring exclusively at a few sites, often in low densities. The most abundant generalist taxa were those representing the A. minutissimum complex, which are noted for their cosmopolitan distribution along water temperature, nutrient and pH gradients, within alpine and temperate river systems globally (Kelly et al., 2008; Potapova & Hamilton, 2007) .
Previous research has documented the high abundance of oligotrophic, cold adapted Achnanthidium spp., Odontidium mesodon and H. arcus within catchments in the Alps (Gesierich & Rott, 2004) , Himalaya (Cantonati, Corradini, Jüttner, & Cox, 2001 ) and Rocky
Mountains (Gesierich & Rott, 2012) . Of these, Achnanthidium spp.
(particularly A. minutissimum) had a low score on Axis 1 of the NMDS ordination suggesting that these were primary colonizers in situations where channel stability was low. By contrast, species with high scores on Axis 1 (i.e. higher channel stability) tended to display a wider range of growth forms including chain-formers (e.g. O. mesodon, Staurosirella pinnata) and motile species (Nitzschia soratensis) that, taken together, suggest more mature biofilms subject to less disturbance and increased competition (Biggs et al., 1998) .
Two species (C. lancettula, E. trinacria) were identified exclusively at river sites ≥52% glacier cover. Although these taxa are not documented as cold stenothermic species and display a diversity of habitat preferences in non-alpine catchments, their low motility may drive geographical and genetic isolation within fragmented deglaciating watersheds, despite their tolerance of local habitat conditions (Dong et al., 2016; Lange-Bertalot et al., 2017; Liu et al., 2013) .
Nineteen taxa were defined on the Red List as threatened, endangered, decreasing or rare (Lange-Bertalot & Steindorf, 1996) . Achnanthidium caledonicum, listed as endangered, was identified in relatively high abundance at nine sites, suggesting that Austrian alpine rivers may act as a refuge for this species. Previous attention has been drawn to the regional importance of alpine springs as habitats of high freshwater diversity (Cantonati et al., 2012) , but the occurrence of A. caledonicum at sites influenced by variable catchment glacier cover highlights the requirement to conserve a diversity of alpine rivers to protect rare benthic diatom taxa.
In contrast to threatened taxa, glacier retreat could lead to habitat expansion for some species, as reduced meltwater inputs lead to greater groundwater contributions in upstream reaches, opening up possibilities for range expansion of taxa which are specialized to river sites with no glacier cover, following a trend identified for macroinvertebrates Cauvy-Fraunié et al., 2015) . For example, seven of the sampled diatom taxa stand to benefit from deglaciation and have previously been recorded in alpine rivers (e.g., S. agrestis), springs (e.g., M. circulare) (Falasco & Bona, 2011 ) and acidic wetland (e.g., C. mediocris, G. calcareum) (Buczkó & Wojtal, 2005) , disconnected from glacier cover. Deglaciation could be particularly beneficial for populations of C. mediocris and G. calcareum which are currently noted on the Red List of Algae for Germany as having decreasing populations (Lange-Bertalot & Steindorf, 1996) . Whilst maintenance of glacier cover required by some threatened diatom taxa will not be possible, other threatened taxa clearly stand to benefit from the expansion of their low glacial habitats.
Alpine freshwater conservation strategies therefore need to prevent additional environmental pressures, including those imposed by water abstraction, hydroelectric power facilities, nutrient pollution and tourist infrastructure, which can impact upon both benthic diatoms and the wider aquatic biota in a variety of alpine river types (Khamis, Hannah, Clarvis, et al., 2014) .
Despite broad geographical use of the Red List for identifying the conservation status of river diatoms (Cantonati et al., 2001; Gesierich & Rott, 2004 , 2012 , application beyond its German reference sites may constrain accurate identification of localized variance in diatom abundances or characterization of endemic taxa (Falasco & Bona, 2011) . Whilst not all sampled species were covered by the list, which has not been revised since 1996, it remains the most complete reference of potentially imperilled diatom taxa (Falasco & Bona, 2011) . However, our study suggests a need for reclassification of current Red List conservation status for the six taxa found exclusively ≥28% glacier cover if they are not identified in other types of river habitat, as sustained deglaciation will alter the distribution and persistence of the habitats upon which they depend Fell et al., 2017) . Status changes may also be required for the 23 species whose abundance significantly correlated to NMDS Axis 1 (Figure 4 ) and in turn, to the aligned environmental vectors of catchment glacier cover and channel stability.
| Wider implications of the diatom assemblage response
Overall this study has demonstrated the sensitivity of alpine benthic diatom biodiversity to reducing catchment glacier cover, a scenario FELL ET AL.
| 5837 predicted to continue across Austria and the wider European Alps throughout the 21st century (IPCC, 2014; Zemp et al., 2006 ). An important implication of this research is that alteration to diatom assemblage structure could have cascading impacts for higher trophic levels (Clitherow et al., 2013; Woodward, 2009) given their role providing energy to alpine river food webs (Rott et al., 2006) as principal primary producers and the predominant dietary component of coldadapted macroinvertebrates (Clitherow et al., 2013) . Greater numbers of studies adopting gut contents analysis for alpine macroinvertebrates are needed to determine the extent to which grazing consumers are selective feeders and the potential implications of glacier retreat and environmental warming upon capture mechanisms and feeding behaviours (Gordon, Neto-Cerejeira, Furey, & O'Gorman, 2018 ).
The ablation rates of individual glaciers are influenced by interacting controls including catchment geomorphology and altitude, basal motion dynamics and local weather conditions, leading to spatiotemporally variable and often nonlinear retreat sequences and runoff patterns within glaciated valleys and across alpine regions (Huss, 2012; Robson et al., 2016; Zemp et al., 2006) . Whilst a catchment glacier cover chronosequence cannot fully capture this complexity, our research shows the approach provides a rapid, remote and effective means of quantifying glacier retreat effects on diatom communities in addition to other biotic components of river ecosystems Cauvy-Fraunié et al., 2015 , 2016 Ren et al., 2017; Rott et al., 2006) . Further research is now required in other alpine regions to determine whether the identified response of benthic diatom assemblages to a shrinking cryosphere can be generalized to glacier-fed rivers globally as evidenced recently for macroinvertebrates .
